Bone diseases have been the bugbear of zoo keepers, occurring not only in Primates but in other animals as well, such as tortoises, hedgehogs, skunks, lions and young birds. In some species, the etiology is simply a calcium/phosphorus imbalance. For instance, it is traditional to feed red meat and bones to lions; however, the lions eat only the smaller and softer bones, so that they receive a Ca/P ratio of around 1/20 (Fiennes & Graham-Jones 1960) , and it is not surprising that skeletal disease develops. The background to skeletal disease in other carnivorous creatures is similar; hedgehogs keep healthy if given a calcium supplement in addition to a diet of meat; country folk used to give them whole snails, complete with shell.
In Primates, the situation is not so simple. It is said that even monkeys severely affected with rickets can be cured by massive injections of vitamin D3 (Hunt, Garcia & Hegsted 1966 Hunt, Garcia, Hegsted & Kaplinsky 1967; Lehner et al. 1967 ) and the lack of success of earlier workers has been attributed to their ignorance of D3 as opposed to D2. However, the difference between D2 and D3 was known from work on the domestic chick and, in any case, cod or halibut liver oil was used in attempts to correct the trouble, a rich source of D3, not of D2. Furthermore, modern workers, in addition to D3 injections, switch from the traditional monkey diet of fruit, vegetables and peanuts, to pelleted diets with balanced Ca/P ratios and protein supplements such as milk, eggs, and cottage cheese.
Although these conditions can be cured by changing the diet and giving large doses of vitamin D3, it is very difficult to induce them by withholding vitamin D from an otherwise balanced diet. It should be explained that DI3 is a requirement of the New World monkeys only; Old World monkeys and apes respond equally well to vitamin D2. On the classical monkey diet, particularly in the New World monkeys, the so-called rickets may appear in a matter of weeks though less readily if additional calcium is added.
Just how intractable the problem was is shown by the recurring comments of the late Colonel A E Hamerton, in his annual Prosector's reports to the Zoological Society of London. For example, in his report for 1930, he states: 'A ration of vitamin-containing substances, cod-liver oil, carrots, lettuce, eggs, and minced meat is being fed daily to certain delicate species of South American monkeys that are particularly susceptible to rickets, and an opportunity has now occurred of treating an early case of rickets in a monkey with an anti-rachitic diet plus radiation with ultra-violet light. Experience has proved that cases of advanced rickets with pronounced bone deformity were not benefited by dietetic treatment' (Hamerton 1931) .
In his report for 1931, Hamerton (1932) was more hopeful after successful treatment of an orang-utan, and an African Green monkey. No New World monkeys were mentioned in this report. However, during 1932 (Hamerton 1933) no fewer than 48 deaths of Primates were associated with rickets or osteomalacia, many becoming affected while at the London Zoo. For 1933 he makes the following percipient observation: ' The manifestations of bone disease in captive animals may vary and blend to such an extent that they cannot be differentiated so precisely as in human pathology. Rickets has many manifestations in captive animals and is sometimes co-existent with osteomalacia, osteoporosis, and cystic disease of bone. Animals react differently to unsuitable diet or environment. For instance, menagerie conditions, under which Anthropoid apes and certain Old World monkeys thrive, will produce typical rickets in a$l%o Lagothrix, osteomalacia in Cebus, and various forms of hyperostosis or fibrocystic disease of bone in Primates and other animals' (Hamerton 1934) .
For 1934, following the loss of a baby Sacred Baboon (Fig 1) , a Woolly monkey and a Brown Capuchin, he reflects on Sir Arnold Theiler's (1934) dicta on the harmonious interaction of vitamin, calcium and phosphorus, as follows:
'Treatment of animals that are suffering from pronounced bone disease on arrival is unsatisfactory, and until we can determine in each case whether they are suffering from a vitamin, calcium or phosphorus deficiency, or too much of one factor and not enough of another, or a lack of all three plus lack of sunlight, we are not likely to eliminate bone disease. I think, however, that the result of these diseases in animals healthy on arrival can be, and is, prevented in certaini species [author's italics] by the methods now in vogue, which consist of administering vitamins and minerals in the form of a mixed and liberal diet plus medicaments, in the hope that some of them may be effective. Moreover, the activity of the endocrine system, parathyroids, etc., in the control ofcalcium metabolism is probably encouraged by providing exercise and companionship according to temperament of such animals (Bears and Apes, etc.) as are readily adaptable to menagerie life' (Hamerton 1935) .
During 1935 (Hamerton 1936) , 12 Primates were lost from advanced disease of the skeleton, of which 10 were New World monkeys. All were treated in the sanatorium without the slightest benefit. At least 2 of them contracted the disease during residence in the Gardens, in spite of fortification of the diet with cod-liver oil and other vitamins. In 1936 (Hamerton 1937-8) 13 monkeys died or had to be destroyed. In 1937 (Hamerton 1938-9 ) 4 monkeys were lost; again at least one had contracted skeletal disease during residence in the menagerie. The diet of one marmoset is given as: whole meal brown bread, apples, grapes, bananas, lettuce and carrots, supplemented by a little glucose D daily and three drops of halibut-liver oil daily on sugar. The diet is obviously deficient in protein. The liver and bones of this animal were analysed by Professor G G Drummond, who is quoted by Hamerton (1938-9) as follows:
'It is quite evident that the halibut liver oil has been absorbed, because the liver is rich in vitamin A. A rough estimation of the calcium content of the bones suggests that there has been osteomalacia, but it is not possible to tell whether the condition had improved during treatment.'
Professor Drummond obviously missed the point that the animal had been 21 years in the menagerie and had contracted skeletal disease, while being given the halibut liver oil supplement. The next year, 1938 (Hamerton 1940) , 4 young baboons were lost. During the war years, importation of young animals ceased. I have outlined the situation at Regent's Park in some detail, not because conditions were unduly bad there; indeed, Colonel Hamerton's concern and endeavours to obviate the trouble were evident from his writings. Exactly the same problems and difficulties were being encountered everywhere in the world, where monkeys were being kept in captivity. Herbert Fox (1923) , Head of the Penrose Institute at the Philadelphia Zoo, was equally mystified. He writes: 'Our Primate collection has suffered considerably with osteomalacia and we have devoted much time to its cause and treatment. However, the garden is not alone in this experience, for wherever certain species [author's italics] are kept, the disease appears.' He then quotes Blair & Brooks (1904) , who had made studies of the nervous system, which they regarded as secondarily implicated. Fox, on analysis of the bones, found a loss of calcium and an excess of sulphur and magnesium. The calcium was lost both by way of the intestine and in the urine. His colleague Corson-White (1923) found also a decreased alkalinity of the blood with the loss of calcium, and these workers were attributing the condition in part to acidosis. The diet given to the monkeys was analysed and reported as follows: (1) Proteinlow in quantity and poor in quality; especially low in phosphorus content.
(2) Fatvery low. (3) Carbohydratevery high, almost eleven times the value of all other ingredients. (4) Ashdecidedly low and predominantly acid. Further analysis of ash showed a trace only of calcium and phosphoru and iron and only a small amount of sodium; potassium, sulphur, and magnesium were slightly higher. (5) Vitamins A, B, C Were present in extremely small amounts: A was exceptionally deficient, and in the rations of some days was entirely lacking.
The Philadelphia diet consisted of rice, bread, potato, raw peanuts, bananas, corn, apple and onion. The authors considered that the diet could be corrected by the addition of fresh whole milk and leafy vegptables, or by butter fat, salt mixtures, and leafy vegetables. Pursuing the acidosis theory, Fox (1923) continues: 'The disturbance of the calcium and phosphorus metabolism may be due primarily to the deprivation of the alkaline salts from the diet (famine osteomalacia) or to a drain from the alkaline storage of the body, associated with a deficient diet (as in the cases of osteomalacia of pregnancy and lactation) or in the combined action of a diet faulty in more than its salt content, which by the production of acid in its oxidation and by favouring the development of acidforming bacteria, causes the drain of the body alkali for the neutralization of this acid, or it is due to the combination of all these factors acting through their influence on the ductless glands. ' Meanwhile Corson-White (1923) was off on another tack, describing the condition as Paget's disease (osteitis deformans). In spite of this rather wild diagnosis she drew attention to three other changes, which have since-been widely overlooked: anmmia; the existence of a jelly-like red marrow throughout the shafts of the long bones; and sarcoma-like deposits in the bones and bone marrow. Strangely, in 3 cases in Cebus monkeys she attributes the onset of the disease to the addition oflime water to the diet.
A degree of success was achieved when Dr H S Lucas was Pathologist at the London Zoo. He exposed marmosets to ultra violet light (UVL), and continued his experiments with Margaret Hume subsequently at the Lister Institute (Lucas et al. 1927 , Lucas et al. 1937 , Hume 1957 ). This treatment had the effect of halting all further skeletal disease in the marmosets; however, the marmosets were given boiled milk ad lib. in place of water, so that additional calcium was provided. So successful were they that the marmosets began to breed prolifically and a number of the females were lost from dystocia associated with multiple births, until the length of exposure to UVL was reduced to 20 minutes per day. Since that time, a number of persons who have kept South American monkeys have submitted them to small doses of UV radiation for 5-20 minutes daily and this has been successful. Nevertheless, the practice was not universally adopted and skeletal disease continued to be a scourge in most establishments. There were some objections to the use of UVL on the theoretical grounds that it would damage the animals' eyes. However, in B, lateral view, c, X-ray; note marked thickening ofbones ofcalvarium practice it is found that the monkeys turn their faces away from the UV source.
When I first joined the staff of the London Zoo in 1956 as Pathologist, the situation had not improved. The use of ultra-violet lamps was not favoured and many cases of skeletal disease continued to occur both in the Society's own collection and in monkeys brought in for diagnosis and treatment. The bones were of a rubbery consistency, but if they were slightly bent they became fractured. A feature (Fig 2) , unusual in human pathology, was the involvement of the bones of the skull and jaw. The calvarium was grossly thickened and the bones of the maxilla and mandible so distorted that the teeth protruded at odd angles, making it difficult for the animal to feed. They sat most of the time on their perches, until they could no longer climb on to them, listlessly with the head drooping. It was possible to confirm Corson-White's (1923) observation that there was red marrow throughout the shafts of the long bones and that the blood was anemic with numerous Howell-Jolly bodies in the red cells. In addition to this, in the more advanced cases the lymphatic and salivary glands of the neck were greatly enlarged and the thyroid became progressively atrophied. Abnormal lymphoid deposits were found in the liver, kidneys, thyroid glands, bone marrow, bowel and other organs. From these findings, I came to suspect that some infectious etiology was involved in addition to any dietary deficiencies that might exist. The lymphoid deposits suggested to me the kind ofcondition seen in fowl leukosis.
At the time, these suggestions (Fiennes 1964 (Fiennes , 1966 were criticized; there was some justice for these criticisms, since it is now clear that the primary etiology of this syndrome is nutritional. However, it is probable that the secondary condition that had attracted my attention was due to herpesvirus infection, either intrinsic or extrinsic, and similar to the viral lymphomas described by Melendez et al. (1969) , Melendez et al. (1970) and Daniel et al. (1972) , that occur in monkeys as a result of extraneous herpesvirus infections.
When the investigators quoted above (Hunt, Garcia & Hegsted 1966 Hunt, Garcia, Hegsted & Kaplinsky 1967; Lehner et al. 1967) reported that these skeletal diseases could be cured by injections of vitamin D3 or by adding it to the diet, it became generally accepted that they were indeed a form of rickets (Wolf 1972) , even though earlier workers, such as Jeffree (1962) and Krook & Barrett (1962) , had suggested that Ca/P ratios were unbalanced; unfortunately such claims were not supported by dietary analyses or experimental work.
It was true that D3 therapy combined with dietary reform very quickly cured monkeys in which the skeleton was in a state of advanced demineralization. We were ourselves curing them. Yet the claim that the older workers were ignorant of D3 was uncOnvincing. Also why, as is the case, can one give to marmosets and other New World monkeys doses of vitamin DI3 so high that they would be pathogenic to children (Barker & Herbert 1972) ? Even if the condition could be cured by these means, were we any nearer to understanding the etiology? As a result of generous grants from UFAW and the Wellcome Trust, two graduate research workers were employed to study these conditions. Dr Michael Barker (Barker & Herbert 1972) made an intensive study of the bone pathology under the supervision of Dr Hubert Sissons, of the Royal National Orthopedic Hospital, and Mr Richard Herbert studied the biochemistry. The results of this work proved of exceptional interest.
The initial object of the work was to create a condition of true rickets. For this purpose, New World Capuchin monkeys were used. They were fed a diet compounded in the laboratory and believed to contain everything necessary for health and well-being. After six months on a complete diet, one group of monkeys continued to receive vitamin D3; a second group received vitamin D2; the third group had no vitamin D.
No monkeys developed rickets, except for one which had mild thickening of the epiphyses after fifteen months, in no way resembling the florid skeletal disease under study. All possible sources of UVL were excluded by blocking the windows and removing the fluorescent lighting tubes. Although the monkeys remained unaffected, chicks fed on the same diet developed severe rickets within two weeks. At the New England Primate Centre at Southborough, Massachusetts, where some of the pioneer work on D.3 treatment had been done, attempts to create this disease by vitamin D deprivation had also been unsuccessful.
Meanwhile, Barker (Barker & Herbert 1972) , in his,studies of the pathology, was also mystified. He had used very sophisticated techniques: decalcified sections; undecalcified sections embedded in methacrylate and ground to 20 ,um or cut on the Jung microtome at 8 ,um; examination by polarized light; micro-X-rays of bone sections (Fig 3) ; and tetracycline labelling of bones. These were in addition to normal macroscopic X-rays, for examination of which he designed and had built in the laboratory workshops a densitometer, by which the mineral contents of bones could be compared. In spite of a detailed study of the normal and diseased osteoid and of osteoid deposition, the disease associated with the fruit diet refused to conform to any recognized pattern, though it showed features of both rickets and osteodystrophia fibrosa (as associated with Ca/P imbalance), with some osteoporosis suggestive of protein deficiency thrown in for ; _N~~~~~~~..' A"M t osteodystrophy; undecalcified section ofdiseased bone; compare osteons with left, and note wide osteoidseams good measure. He also studied the parathyroid glands, finding increased cytoplasm/nuclear ratio; increased nuclear surface area; and water clear and light chief cell hyperplasia, with diminished connective tissue. Krook & Barrett (1962) and Jeffree (1962) had claimed, as a result of weight comparisons, that the parathyroids were hyperplastic. However, for a variety of reasons it is difficult to weigh the parathyroids of these small monkeys and results were unconvincing. Barker's was the first and only detailed study of the pathology of the disease.
We have seen that earlier workers, such as Hamerton, failed to cure these conditions by vitamin D (cod-liver oil and halibut-liver oil) only. It is, therefore, to be supposed that the later workers only succeeded because of the radical change of diet which accompanied the D therapy. Although deprivation does not readily cause rickets, it is plain that the vitamin is necessary for cure because vitamin D3 will cure New World monkeys but D2 will not, and because, as shown below, correction of Ca/P ratio alone is ineffective. Thus, New World monkeys, believed to be the most susceptible animals of all to vitamin D deficiency, failed to contract rickets on a diet that was rachitogenic to chicks in a matter of days. The results in a way were embarrassing since Dr Barker was relying on the production of rachitic monkeys for a supply of fresh rachitic material for his studies. Furthermore, arrangements had been made with Dr E Kodicek, Head of the Dunn Nutritional Laboratories at Cambridge, to study the metabolism and transport systems of vitamin D in monkeys.
With the appointment of a new biochemist, Dr Alister Hay, it was then decided to develop a different approach to the problem. Unfortunately, it proved impossible to obtain additional South American monkeys, so Old World Patas (Erythrocebus patas) were used. These were fed the traditional monkey diet, on which rickets had developed so readily in former times, and duly developed rickets in some 2-3 months. The lesions failed to regress either when additional protein was added to the diet or when the Ca/P ratio was adjusted. The monkeys did, however, quickly recover when given either vitamin D2 or D3 on the same diet to which calcium was added to balance the Ca/P ratio. Another group ofmonkeys was then given the traditional diet without added vitamin D, but with the Ca/P ratio adjusted. These monkeys have not developed rickets after 6 months. 'It would appear, therefore, that the Ca/P ratio rather than vitamin D is critical, but that to effect cures of rachitic monkeys vitamin D is also necessary, New World monkeys requiring D3 and Old World D2 or D3.
It was evident from these results that the socalled rickets or osteomalacia of monkeys conld not be thought of in clear-cut terms as with the human osteodystrophies. A team of workers at the Dunn Nutritional Laboratories under Dr
Kodicek had established the metabolic pathways and transport systems of vitamin D in chicks and rats and they were anxious to do the same in monkeys. This approach was clearly indicated also in our studies, so arrangements were made to collaborate. The results are presented in outline only because the work is still continuing and is not yet published (Hay et al., unpublished data).
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By the use of carbon and tritium-labelled vitamin D, it had been shown (Chalk & Kodicek 1961 , Blunt et al. 1968 , Fraser & Kodicek 1970 , Lawson et al. 1971 ) that vitamin D (cholecalciferol), when absorbed from the bowel, was, in chick and rat, transported to the liver attached to a ,B and a globulin respectively. In the chick liver it was converted to an analogue (25 hydroxycholecalciferol -25 HCC) and transported attached to the same : globulin to the kidney. In the kidney, a second conversion took place of required amounts of vitamin to a hormone (1, 25 dihydroxy-cholecalciferol -1,25 DHCC). This hormone then passes to the 'target' organs, which are mainly the skeleton and small intestine.
Our Capuchins, even those on a high D3 intake, showed much less than expected quantities of the renal hormone (1,25 DHCC) in the target tissues. We do not yet know whether this is a species peculiarity or due to another factor. The other factor arose from one of those interesting red herrings which so often appear in scientific work (Fiennes et al. 1974) . Although 5% of the dietary calories had been in the form of corn oil, ascertained by analysis to be rich in essential fatty acids (EFA), the monkeys had developed EFA deficiency due to lack of linolenic acid; corn oil contains only linoleic and linolenic has hitherto been regarded as non-essential, if linoleic intake is adequate. So, are EFA essential to successful vitamin D metabolism? There is some indication from human infant pathology that they are (Sinclair 1958, and personal communication) .
The second shock came when it was found that the transporting protein of vitamin D in Capuchins is albumin and not globulin. Dr Hay (unpublished data) has since made a survey of D-binding protein in a wide variety of species, fish, insects, amphibia, reptiles, birds and many species of mammals, including Primates. He has found that the transporting proteins are very variablea and 8 globulins, albumins and lipoprotein. However, for Primates, a globulin seems to be the transporting protein except for Capuchins, even amongst New World monkeys. We have no clue as to why this is so.
From these studies, pursued over some sixteen years, a new perspective on skeletal disease in Primates has appeared. Monkey rickets is evidently not primarily rickets, but a condition that covers a great deal more than at first appears.
Monkeys do not have an exceptionally high requirement of vitamin D. One has learned also that it is dangerous to extrapolate from one species to another. The last point is well illustrated by the story of one zoo orang-utan, Tulie. Births of baby orang-utans in zoos were very rare. However, Tulie gave birth to babies in two successive years. Both were found to be rickety shortly after weaning. The first died, but the second, Bulu, was successfully treated, and has now herself produced a second generation. The third year Tulie again gave birth, but her baby died of birth injuries. Three days later Tulie also died, of pseudomonas septictmia. This last infant was found to be suffering from severe fetal rickets; Tulie's skeleton was entirely normal. This was in contrast to what occurs in man and was considered to be so improbable that other diagnoses such as congenital hypophosphattmia were considered. Fetal rickets in human children, as for example those of Indian women in purdah, never occurs unless there is also extensive demineralization of the mother's skeletal system. However, the diagnosis of rickets in' Tulie's infant was eventually accepted, which illustrates what comparative medicine is about!
